All sequences used in this study are available from the National Center for Biotechnology Information (NCBI) MN128378--MN128389.

Introduction {#sec001}
============

Lamiaceae is the sixth largest angiosperm family and contains over 7000 species that are divided into 12 subfamilies \[[@pone.0232602.ref001], [@pone.0232602.ref002]\]. Scutellarioideae, while relatively small, is one of the most morphologically distinct subfamilies within Lamiaceae. As circumscribed in earlier classifications \[[@pone.0232602.ref003], [@pone.0232602.ref004]\], the subfamily contained only three genera, *Scutellaria* L., *Perilomia* Kunth, and *Salazaria* Torr., with the latter two genera synonymized with *Scutellaria* by Paton \[[@pone.0232602.ref005]\]. Subsequent studies based on morphological \[[@pone.0232602.ref006], [@pone.0232602.ref007]\] and molecular data \[[@pone.0232602.ref008], [@pone.0232602.ref009]\] expanded the subfamily to include *Renschia* Vatke, *Tinnea* Kotschy ex Hook. f., *Holmskioldia* Retz., and *Wenchengia* C. Y. Wu & S. Chow. Morphological synapomorphies for Scutellarioideae include pericarps with tuberculate or elongate processes \[[@pone.0232602.ref009]\], high densities of xylem fibers in the calyces \[[@pone.0232602.ref010]\], and racemose inflorescences (but most species of *Tinnea* and *Holmskioldia* have cymose inflorescences). The monophyly of the subfamily has also been supported by molecular phylogenetic studies \[[@pone.0232602.ref001], [@pone.0232602.ref008], [@pone.0232602.ref009], [@pone.0232602.ref011]\].

As currently defined, Scutellarioideae includes approximately 380 species in five genera \[[@pone.0232602.ref001]\]: *Holmskioldia*, *Renschia*, *Wenchengia*, *Scutellaria*, and *Tinnea*. The former three are monotypic genera. The genus *Holmskioldia*, comprising the single species *H*. *sanguinea* Retz., is native to the subtropical Himalayan region but is widely grown as an ornamental in warm climates and has become naturalized throughout the Old and New Worlds \[[@pone.0232602.ref012]\]. The monotypic *Renschia*, represented by *R*. *heterotypica* (S. Moore) Vatke, is narrowly endemic to the Ahl Mountains in northern Somalia \[[@pone.0232602.ref013]\], and its systematic position within Scutellarioideae remains unclear. The placement of *Wenchengia* in Scutellarioideae was resolved by Li et al. \[[@pone.0232602.ref009]\] based on the rediscovery of the extremely rare species, *W*. *alternifolia* C.Y. Wu & S. Chow. This genus was long thought to be endemic to Hainan Island in southern China \[[@pone.0232602.ref014], [@pone.0232602.ref015]\], but recently it was also reported from Vietnam \[[@pone.0232602.ref016]\]. With 19 species recognized to date, *Tinnea* is the second largest genus in Scutellarioideae, occurs mainly in fire-prone grassland, woodland, and scrub vegetation, and is endemic to Africa \[[@pone.0232602.ref017]\].

*Scutellaria*, containing approximately 360 species and commonly known as skullcaps, is the largest genus in Scutellarioideae \[[@pone.0232602.ref018]\]. The genus is distributed nearly worldwide and occurs in various habitats, but is mostly found in tropical montane and temperate regions \[[@pone.0232602.ref005], [@pone.0232602.ref019]\]. Most species are herbaceous perennials or small shrubs. The calyx of *Scutellaria* consists of two undivided lips and bears an appendage on the upper lip, which is described as a scutellum and is the most distinctive character of the genus; this feature is the basis for the common name skullcap. Many *Scutellaria* species possess medicinal uses, and some species are of economic importance. For example, *S*. *baicalensis* Georgi (baical skullcap or Chinese skullcap; 'Huang-qin' in Chinese) is a traditional Chinese medicinal herb that was first recorded in *Shen Nong Ben Cao Jing* in ca. 100 BC \[[@pone.0232602.ref020]\], and is widely used to treat hepatitis, jaundice, tumor, leukemia, hyperlipaemia, arteriosclerosis, diarrhea, and inflammatory diseases \[[@pone.0232602.ref021]\].

Due to tremendous diversity in habit, as well as calyx, corolla, inflorescence, and nutlet morphology, infrageneric boundaries within *Scutellaria* are poorly defined \[[@pone.0232602.ref003]--[@pone.0232602.ref005], [@pone.0232602.ref022]--[@pone.0232602.ref024]\]. Based on morphological data, Paton \[[@pone.0232602.ref005]\] subsumed *Harlanlewisia* Epling, *Perilomia*, and *Salazaria* into a broad *Scutellaria* as part of a global taxonomic revision, and divided *Scutellaria* into two subgenera: subg. *Scutellaria* and subg. *Apeltanthus* (Nevski ex Juz.) Juz. The former is further subdivided into five sections: *Scutellaria*, *Salviifoliae* (Boiss.) Edmondson, *Salazaria* (Torrey) Paton., *Perilomia* (Kunth) Epling, and *Anaspi* (Rech.f.) Paton. And the latter is divided into two sections: *Apeltanthus* and *Lupulinaria* A. Hamilt. As opposed to other large genera of Lamiaceae, such as *Plectranthus* L'Hér. \[[@pone.0232602.ref025]--[@pone.0232602.ref027]\], *Salvia* L. \[[@pone.0232602.ref028]--[@pone.0232602.ref034]\], and *Isodon* (Schrad. ex Benth.) Spach \[[@pone.0232602.ref035]--[@pone.0232602.ref038]\], molecular phylogenetic studies within *Scutellaria* are relatively scarce. Most previous work concentrated on genetic diversity and biogeography of taxonomic complexes (e.g. *S*. *angustifolia* Pursh \[[@pone.0232602.ref039], [@pone.0232602.ref040]\]), population genetics \[[@pone.0232602.ref021], [@pone.0232602.ref041]\], or species identification \[[@pone.0232602.ref042]\]. To date, only three phylogenetic studies have focused on *Scutellaria* \[[@pone.0232602.ref018], [@pone.0232602.ref041], [@pone.0232602.ref043]\]. Using both nuclear and chloroplast (cp) DNA markers, Chiang et al. \[[@pone.0232602.ref041]\] studied the relationships of Taiwanese *Scutellaria* and Safikhani et al. \[[@pone.0232602.ref018]\] focused on Iranian taxa. Similarly, when describing *S*. *wuana* C. L. Xiang & F. Zhao, only 41 taxa were involved in the phylogenetic analyses \[[@pone.0232602.ref043]\]. In total, only five DNA markers were used in these studies (nrITS, *matK*, *ndhF*-*rpl32*, *rpl32*-*trnL*, and *trnL*-*trnF*) and none generated phylogenetic trees with high resolution, ostensibly due to a lack of variability within these DNA markers among the sampled species.

The chloroplast is an essential organelle in angiosperms because it provides energy for plant cells \[[@pone.0232602.ref044]\]. This uniparentally inherited plastid is characterized by a circular double-stranded DNA molecule between 120,000--160,000 base pairs in length, multiple copies per cell, and a quadripartite structure that includes two identical regions in opposite orientations called the inverted repeat (IR), flanked by large single copy (LSC) and small single copy (SSC) regions \[[@pone.0232602.ref045]\]. With increasingly rapid and less expensive next generation sequencing (NGS) technologies continually developing, ever-increasing numbers of non-model species plastid genome are being sequenced and successfully used for resolving phylogenetic and taxonomic problems in flowering plants at various ranks \[[@pone.0232602.ref046]--[@pone.0232602.ref048]\]. However, using cp genomes to resolve phylogenetic questions within the mint family has been rare \[[@pone.0232602.ref049]\], and plastomes of only two species, *Scutellaria baicalensis* and *S*. *indica* L. var. *coccinea* S. Kim & S. Lee, have been published from Scutellarioideae \[[@pone.0232602.ref050], [@pone.0232602.ref051]\]. Sequences of *S*. *insignis* Nakai and *S*. *lateriflora* L. were uploaded to GenBank without any related publication or analyses. Consequently, little is known regarding plastome structure variation within *Scutellaria*.

In this study, we sequenced 12 plastomes from 11 species representing four of the five genera of Scutellarioideae. In addition, three previously released plastomes of *Scutellaria* (*S*. *baicalensis*, *S*. *insignis* and *S*. *lateriflora*) were downloaded from GenBank and included for comparative analyses. The species *S*. *indica* var. *coccinea* was exclude in this study because the sequence was unavailable. With these data, we aim to: 1) characterize and compare the structure and gene organization of plastid genomes within Scutellarioideae; 2) identify candidate molecular markers for future phylogenetic and/or population genetic studies within *Scutellaria*; and 3) reconstruct the phylogeny of Scutellarioideae using complete chloroplast genome sequences. The data presented in this study will provide abundant information for further studies about phylogeny, taxonomy, species identification, and population genetics of *Scutellaria*, and will also be helpful for exploration, utilization, and conservation of plant genetic resources of this important medicinal plant resources.

Materials and methods {#sec002}
=====================

Taxon sampling, DNA extraction, and sequencing {#sec003}
----------------------------------------------

Plastomes of 12 samples, including eight species of *Scutellaria*, one species each of *Holmskioldia* and *Tinnea*, and two individuals of *Wenchengia alternifolia*, were newly generated for this study. Voucher information is listed in [Table 1](#pone.0232602.t001){ref-type="table"} and all voucher specimens were deposited at the Herbarium of Kunming Institute of Botany (KUN), Chinese Academy of Sciences. In addition, three complete plastomes of *Scutellaria* from GenBank, *S*. *baicalensis* (MF521633), *S*. *insignis* (KT750009), and *S*. *lateriflora* (KY085900), were included for comparative analyses ([Table 1](#pone.0232602.t001){ref-type="table"}).

10.1371/journal.pone.0232602.t001

###### Voucher information of the newly sequenced samples in this study.

![](pone.0232602.t001){#pone.0232602.t001g}

  Species                                          Location                                                   Vouchers                 Coordinate
  ------------------------------------------------ ---------------------------------------------------------- ------------------------ ---------------------------------
  *Wenchengia alternifolia* C.Y. Wu & S. Chow HN   China, Hainan, Ding'an                                     Xiang et al. 1318        E 110°17′50.19″, N 19°13′53.27″
  *W*. *alternifolia* C.Y. Wu & S. Chow VN         Vietnam, DaNang, Ba na Hill                                Li et al. Lbo824         E 107°59′17.91″, N 15°59′59.80″
  *Holmskioldia sanguinea* Retz.                   China, Yunnan, XTBG[\*](#t001fn001){ref-type="table-fn"}   Zhao et al. ZF014        E 101°15′21.10″, N 21°55′38.06″
  *Tinnea aethiopica* Kotschy ex Hook. f.          Kenya, Kabarnet                                            Li et al. 4292           E 35°44′36.30″, N 0°29′24.38″
  *Scutellaria amoena* var. amoena C.H. Wright     China, Yunnan, Kunming                                     Zhao et al. ZF034        E 102°43′07.74″, N 25°07′19.91″
  *S*. *calcarata* C.Y. Wu & H.W. Li               China, Yunnan, Gongshan                                    Li et al. NJ023          E 98°39′39.55″, N 27°44′26.32″
  *S*. *mollifolia* C.Y. Wu & H.W. Li              China, Sichuan, Emei                                       Chen et al. EM201        E 103°20′01.25″, N 21°55′38.06″
  *S*. *orthocalyx* Hand.-Mazz.                    China, Yunnan, KBG[\*](#t001fn001){ref-type="table-fn"}    Zhao et al. ZF035        E 102°44′38.26″, N 25°08′27.10″
  *S*. *quadrilobulata* Y.Z. Sun                   China, Yunnan, Xinping                                     Li et al. XP965          E 101°56′55.70″, N 23°56′51.32″
  *S*. *kingiana* Prain                            China, Xizang, Cuona                                       Yang et al. ZJW-3890     E 99°56′09.26″, N 28°05′18.95″
  *S*. *altaica* Fisch. ex Sweet                   China, Xinjiang, Xinyuan                                   Zhang et al. 17CS16318   E 84°02′23.18″, N 43°18′24.83″
  *S*. *przewalskii* Juz.                          China, Xinjiang, Aletai                                    Chen et al. YC_ZX027     E 88°02′42.31″, N 47°20′41.62″

\*: XTBG: Xishaungbanna Tropical Botanical Garden; KBG: Kunming Botanical Garden.

Total genomic DNA was extracted from 150 mg fresh or silica-gel dried leaves using the CTAB method \[[@pone.0232602.ref052]\]. The DNA samples were sheared into fragments of about 300 bp to construct libraries according to manufacturer's instructions (Illumina, San Diego, CA, USA). Paired-end (PE) sequencing of 150 bp was conducted on an Illumina Hiseq-2500 platform (Illumina Inc.) at BGI-Wuhan.

Quality control of raw sequence reads was carried out using FastQC toolkit (<http://www.bioinformatics.babraham.ac.uk/projects/fastqc>; \[[@pone.0232602.ref053]\]) with the parameter set as Q ≥ 25 to acquire high-quality clean reads for downstream analyses. *De novo* assembling of the plastomes was implemented in the GetOrganelle pipeline \[[@pone.0232602.ref054]\]. The filtered *de* Bruijn graphs file "gfa" was visualized in Bandage v. 0.8.1 \[[@pone.0232602.ref055]\] and the complete chloroplast sequence paths were manually selected, with the minimum depth of contigs above 100 × and the minimum length \> 300 bp. Then all PE reads were mapped to the assembled plastomes using the Bowite2 \[[@pone.0232602.ref056]\] plugin in Geneious v.11.0.4 \[[@pone.0232602.ref057]\] to verify quality and correct assembly errors.

Plastome annotation was first performed using the online programs Dual Organellar Genome Annotator (DOGMA) \[[@pone.0232602.ref058]\] and Ge-seq \[[@pone.0232602.ref059]\]. We then inspected and curated all annotation manually with comparisons to the published plastome of *S*. *baicalensis* (MF521633) in Geneious v.11.0.4 \[[@pone.0232602.ref057]\]. The tRNAs were verified using the online tRNAscan-SE service with default parameters \[[@pone.0232602.ref060]\]. The resulting circular plastome maps were drawn using the OrganellarGenomeDRAW tool \[[@pone.0232602.ref061]\].

Characterization of simple sequence repeats and repeat structure {#sec004}
----------------------------------------------------------------

The simple sequence repeats (SSRs) in plastomes were identified using MISA perl script (<http://pgrc.ipk-gatersleben.de/misa>). Thresholds for the minimum repeated size were set as follows: ≥ 10 for mono-nucleotide, ≥ 5 for di-nucleotide, ≥ 4 for tri-nucleotide, and ≥ 3 for tetra-nucleotide, penta-nucleotide, and hexa-nucleotide repeats. The location and size of the repeating sequences (forward, reverse, palindromic and complement) were visualized in REPuter \[[@pone.0232602.ref062]\] with the parameter set as with a hamming distance of 3 and a minimum repeat size of 30 bp following the procedure outlined in Jiang et al. \[[@pone.0232602.ref050]\].

Comparative plastome and sequence divergence analysis {#sec005}
-----------------------------------------------------

Comparative analyses of 15 plastomes of Scutellarioideae were carried out using the Mauve v.2.3.1 \[[@pone.0232602.ref063]\] plugin in Geneious v.11.0.4 \[[@pone.0232602.ref057]\]. We applied mVISTA \[[@pone.0232602.ref064]\] to visualize the results and evaluate the similarity among different plastomes, using default parameters to align plastomes under the LAGAN model and the annotations of *S*. *baicalensis* (MF521633) as a reference. In order to investigate the IR contraction or expansion, we also compared the boundaries between IR and SC regions in Geneious v.11.0.4 \[[@pone.0232602.ref057]\]. Two data sets (alignments of all 15 samples from Scutellarioideae and 11 species of *Scutellaria*) were used for the sliding window analysis to evaluate the intergeneric and intrageneric nucleotide sequence variabilities (Pi). Sequences were aligned using MAFFT v.7.221 \[[@pone.0232602.ref065]\] and misaligned regions were manually adjusted in Geneious v.11.0.4. \[[@pone.0232602.ref057]\]. DnaSP v.6 \[[@pone.0232602.ref066]\] was then used to calculate the Pi. The step size was set to 200 bp, with a 600 bp window length.

Phylogenetic analysis based on complete plastome sequences {#sec006}
----------------------------------------------------------

In addition to the previously published plastomes of *Scutellaria*, plastomes of 31 species from within other subfamilies of Lamiaceae (12 Nepetoideae, 15 Lamioideae, two Ajugoideae, and one each from Premnoideae and Tectonoideae) were also included in the analyses to evaluate the utility of complete plastome sequences for resolving broad relationships within Scutellarioideae. Based on previous studies \[[@pone.0232602.ref001]\], *Callicarpa americana* (assembly from the WGS data under the SRR6940059) from Callicarpoideae was selected as the outgroup. GenBank accession numbers are provided in [S1 Table](#pone.0232602.s001){ref-type="supplementary-material"}.

Alignments were initially performed using MAFFT v.7.221 \[[@pone.0232602.ref065]\] with default settings, and subsequently manually adjusted in Geneious v.11.0.4 \[[@pone.0232602.ref057]\]. Ambiguously aligned regions (e.g. characters of uncertain homology among taxa and single-taxon insertions) were excluded before phylogenetic analyses. Since the plastid genome is uniparentally inherited and does not undergo recombination \[[@pone.0232602.ref067]\], we combined all sequences and constructed three matrices: (i) combined coding regions (dataset CR); (ii) combined non-coding regions (dataset NCR); (iii) combined whole plastome sequences (dataset CPG). In order to reduce the overrepresentation of duplicated sequences, only the IRa region was included in all data sets. In addition, in order to evaluate the efficacy of the complete plastome sequences for phylogeny reconstruction within Scutellarioideae, we also created two additional datasets for phylogenetic analyses and comparison. One was a combined dataset of hyper-variable regions (16VAR) detected in this study, the other dataset consisted of six commonly used DNA regions (6CP) from previous studies \[[@pone.0232602.ref009], [@pone.0232602.ref041], [@pone.0232602.ref068]\].

Maximum likelihood (ML) and Bayesian inference (BI) analyses were performed on the Cyberinfrastructure for Phylogenetic Research Science (CIPRES) Gateway (<http://www.phylo.org/>; \[[@pone.0232602.ref069]\]. ML analyses were conducted using RAxML HPC2 v.8.2.9.0 \[[@pone.0232602.ref070]\] with the general time reversible (GTR) + G model and 1000 bootstrap replicates. BI analyses were carried out using MrBayes v.3.2.6 \[[@pone.0232602.ref071]\]. The best substitution model for each data set was determined using jModelTest2 \[[@pone.0232602.ref072]\] on the CIPRES Gateway, under the Bayesian information criterion (BIC) \[[@pone.0232602.ref073]\]. Four Markov Chain Monte Carlo (MCMC) chains (one cold and three heated) were run for 20 million generations. Convergence of the MCMC runs and estimated sample size (ESS) were analyzed by Tracer v.1.7.0 \[[@pone.0232602.ref074]\]. The first 25% of trees discarded as burn-in, and the remaining trees were summarized to construct the 50% majority-rule consensus tree.

Results {#sec007}
=======

Genome assembly, features, and gene content across scutellarioideae {#sec008}
-------------------------------------------------------------------

Illumina paired-end sequencing generated 16,687,912--27,007,418 clean reads for the 12 newly sequenced samples, with the mean coverage ranging from 618× in *Scutellaria altaica* Fisch. ex Sweet to 4510× in *S*. *kingiana* Prain. The genome size ranged from 151,675 bp in *S*. *przewalskii* Juz. to 153,272 bp in *Holmskioldia sanguinea* ([Table 2](#pone.0232602.t002){ref-type="table"}). All 15 plastomes of Scutellarioideae displayed the typical quadripartite structure consisting of a pair of IR regions (25,208--25,634 bp) separated by the LSC (83,891--84,807bp) and SSC (16,750--17,569 bp) regions ([Table 2](#pone.0232602.t002){ref-type="table"}). The GC content was similar among different species of Scutellarioideae and the average GC content was 38.3% ([Table 2](#pone.0232602.t002){ref-type="table"}). In general, the GC content in the IR regions (43.4--43.6%) was higher than in the LSC (36.3--36.5%) and SSC (32.4--32.8%) regions, and the GC content within non-coding regions (35.0%) was lower than within coding regions (40.5%).

10.1371/journal.pone.0232602.t002

###### Features of the complete plastomes of 15 species of Scutellarioideae.

(NA means not available).
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  Taxa                           Accession number   Complete   LSC     SSC      IR      Assembly Reads   Mean coverage (×)   Genes number   Protein coding genes   tRNA genes   rRNA genes                   
  ------------------------------ ------------------ ---------- ------- -------- ------- ---------------- ------------------- -------------- ---------------------- ------------ ------------ ----- ---- ---- ---
  *Holmskioldia sanguinea*       **MN128389**       153,272    38.20   84,688   36.30   17,330           32.50               25,627         43.40                  27,007,418   1655         114   80   30   4
  *Wenchengia alternifolia* HN   **MN128379**       152,843    38.30   84,807   36.30   16,768           32.80               25,634         43.40                  21,196,548   1943         114   80   30   4
  *W*. *alternifolia* VN         **MN128378**       152,171    38.30   84,329   36.30   16,750           32.70               25,546         43.40                  24,616,880   3068         114   80   30   4
  *Tinnea aethiopica*            **MN128380**       152,450    38.40   84,414   36.40   17,482           32.60               25,277         43.60                  25,813,343   1612         114   80   30   4
  *Scutellaria altaica*          **MN128387**       151,779    38.30   83,984   36.30   17,327           32.60               25,234         43.60                  24,309,408   618          114   80   30   4
  *S*. *amoena* var. *amoena*    **MN128386**       151,833    38.30   84,001   36.30   17,340           32.70               25,246         43.60                  21,404,966   2893         114   80   30   4
  *S*. *calcarata*               **MN128385**       152,033    38.40   84,023   36.40   17,532           32.60               25,239         43.60                  24,676,179   3257         114   80   30   4
  *S*. *kingiana*                **MN128388**       152,395    38.30   84,608   36.30   17,305           32.40               25,241         43.60                  22,854,411   4510         114   80   30   4
  *S*. *mollifolia*              **MN128384**       152,417    38.30   84,432   36.40   17,569           32.60               25,208         43.60                  25,602,286   1755         114   80   30   4
  *S*. *orthocalyx*              **MN128383**       152,071    38.40   84,072   36.40   17,519           32.60               25,240         43.60                  16,687,912   1577         114   80   30   4
  *S*. *przewalskii*             **MN128382**       151,675    38.30   83,891   36.40   17,320           32.60               25,232         43.60                  24,156,080   1496         114   80   30   4
  *S*. *quadrilobulata*          **MN128381**       152,066    38.30   84,052   36.40   17,544           32.50               25,235         43.60                  25,241,479   2740         114   80   30   4
  *S*. *baicalensis*             MF521633           151,817    38.30   83,960   36.30   17,331           32.70               25,263         43.60                  NA           NA           114   80   30   4
  *S*. *insignis*                KT750009           151,908    38.40   83,913   36.50   17,517           32.60               25,239         43.60                  NA           NA           114   80   30   4
  *S*. *lateriflora*             KY085900           152,283    38.30   84,340   36.30   17,465           32.50               25,239         43.60                  NA           NA           114   80   30   4

Intraspecific plastome polymorphisms can be evaluated among multiple individuals from the same species. The sequence identity between the two samples of *Wenchengia alternifolia* was 98.6%, with only two large indels (\> 100 bp), within the intergenic *psbE-petL* (344 bp) and *psbM-trnD (GUC*) (226 bp) regions, detected. The plastome maps of *Holmskioldia sanguinea*, *W*. *alternifolia* HN, *Tinnea aethiopica*, and *Scutellaria przewalskii* are presented as representatives of Scutellarioideae ([Fig 1](#pone.0232602.g001){ref-type="fig"}), while maps of the remaining species are provided in supplementary materials ([S1 Fig](#pone.0232602.s005){ref-type="supplementary-material"}). All newly sequenced and annotated plastomes were submitted to the National Center for Biotechnology Information (NCBI) database under accession numbers MN128378--MN128389 ([Table 2](#pone.0232602.t002){ref-type="table"}).

![Complete plastome maps of *Holmskioldia sanguinea*, *Wenchengia alternifolia*, *Tinnea aethiopica*, and *Scutellaria przewalskii*.](pone.0232602.g001){#pone.0232602.g001}

When duplicated genes in IR regions were counted only once, each of the plastomes included 114 unique genes (80 protein-coding genes, 30 tRNAs and four rRNAs; [Table 2](#pone.0232602.t002){ref-type="table"}) that were arranged in the same order. A total of 18 genes exist in duplication within the IR region, including seven protein-coding genes, seven tRNAs and four rRNAs ([Table 3](#pone.0232602.t003){ref-type="table"}). Ten of the protein-coding genes and six of the tRNA genes contained one intron, and two genes (*ycf3* and *clpP*) contained two introns. Among those newly sequenced samples, protein-coding regions accounted for 52.1--53.5% of the length of the whole genome, while tRNA and rRNA regions accounted for 1.78--1.92% and 5.9--5.96%, respectively ([S2 Table](#pone.0232602.s002){ref-type="supplementary-material"}). The remaining regions were non-coding sequences, including intergenic spacers, introns, and pseudogenes. All of the gene functions and groups were shown in [Table 3](#pone.0232602.t003){ref-type="table"}.

10.1371/journal.pone.0232602.t003

###### The gene functions of the plastomes of 15 species of Scutellarioideae.
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  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Category for genes          Group of genes                      Name of genes
  --------------------------- ----------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Photosynthesis              Subunits of NADH-dehydrogenase      *ndhA*[\*](#t003fn001){ref-type="table-fn"}, *ndhB*[\*](#t003fn001){ref-type="table-fn"}(2x), *ndhC*, *ndhD*, *ndhE*, *ndhF*, *ndhG*, *ndhH*, *ndhI*, *ndhJ*, *ndhK*

                              Photosystem I                       *psaA*, *psaB*, *psaC*, *psaI*, *psaJ*, *ycf3*[\*\*](#t003fn002){ref-type="table-fn"}

                              Photosystem II                      *psbA*, *psbB*, *psbC*, *psbD*, *psbE*, *psbF*, *psbH*, *psbI*, *psbJ*, *psbK*, *psbL*, *psbM*, *psbN*, *psbT*, *psbZ*

                              Cytochrome b/f complex              *petA*, *petB*[\*](#t003fn001){ref-type="table-fn"}, *petD*[\*](#t003fn001){ref-type="table-fn"}, *petG*, *petL*, *petN*

                              ATP synthase                        *atpA*, *atpB*, *atpE*, *atpF*[\*](#t003fn001){ref-type="table-fn"}, *atpH*, *atpI*

                              Large chain of rubisco              *rbcL*

  Self-replication            Ribosomal RNA genes                 *rrn16* (2x), *rrn23* (2x), *rrn4*.*5* (2x), *rrn5* (2x)

                              Transfer RNA genes 30 tRNA genes    (6 contain one intron, 7 are duplicated in the IR region)

                                                                  *trnA-UGC*[\*](#t003fn001){ref-type="table-fn"}(2x), *trnfM-CAU*, *trnI-GAU*[\*](#t003fn001){ref-type="table-fn"}(2x), *trnM-CAU*, *trnR-ACG*(2x), *trnS-UGA*, *trnC-GCA*, *trnG-GCC*[\*](#t003fn001){ref-type="table-fn"}, *trnK-UUU*[\*](#t003fn001){ref-type="table-fn"}, *trnN-GUU(2x)*, *trnW-CCA*, *trnT-GGU*, *trnD-GUC*, *trnG-UCC*, *trnL-CAA(2x)*, *trnY-GUA*,\
                                                                  *trnR-UCU*, *trnT-UGU*, *trnE-UUC*, *trnH-GUG*, *trnL-UAA*[\*](#t003fn001){ref-type="table-fn"}, *trnP-UGG*, *trnS-GCU*, *trnV-GAC(2x)*, *trnF-GAA*, *trnI-CAU(2x)*, *trnL-UAG*, *trnQ-UUG*, *trnS-GGA*, *trnV-UAC*[\*](#t003fn001){ref-type="table-fn"}

                              Small subunit of ribosome           *rps2*, *rps3*, *rps4*, *rps7* (2x), *rps8*, *rps11*, *rps12*, *rps14*, *rps15*, *rps16*[\*](#t003fn001){ref-type="table-fn"}, *rps18*, *rps19*

                              Large subunit of ribosome           *rpl2*[\*](#t003fn001){ref-type="table-fn"} (2x), *rpl14*, *rpl16*[\*](#t003fn001){ref-type="table-fn"}, *rpl20*, *rpl22*, *rpl23* (2x), *rpl32*, *rpl33*, *rpl36*

                              RNA polymerase subunits             *rpoA*, *rpoB*, *rpoC1*[\*](#t003fn001){ref-type="table-fn"}, *rpoC2*

  Other genes                 Translation initiation factor       *infA*

                              Maturase                            *matK*

                              Protease                            *clpP*[\*\*](#t003fn002){ref-type="table-fn"}

                              Envelope membrane protein           *cemA*

                              Subunit of acetyl-CoA-carboxylase   *accD*

                              cytochrome c biogenesis protein     *ccsA*

                              Component of TIC complex            *ycf1*

  Genes of unknown function   *ycf2*, *ycf4*, *ycf15* (2x)        
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

\*gene with a single intron,

\*\*gene with two introns, (2x) duplicated gene.

SSRs and repeat structure {#sec009}
-------------------------

In total, 590 SSRs were identified in the 15 plastomes of Scutellarioideae, of which 483 SSRs (81.86%) were in the LSC region, 65 SSRs (11.02%) were in the SSC region, and 42 SSRs (7.12%) were in the IR region ([Fig 2](#pone.0232602.g002){ref-type="fig"}, [S3 Table](#pone.0232602.s003){ref-type="supplementary-material"}). The number of SSRs (or microsatellite loci) ranged from 31 (*Scutellaria altaica*) to 48 (*Wenchengia alternifolia* HN) among species of Scutellarioideae ([Fig 2](#pone.0232602.g002){ref-type="fig"}). The mononucleotide represents the highest variability with the repeat number ranging from 15 (*S*. *altaica*) to 35 (*W*. *alternifolia* HN), while the number of dinucleotide, trinucleotide, and tetranucleotide repeats showed no significant difference among the 15 samples. The number and frequency of each repeat type within the 15 plastomes of Scutellarioideae is shown in [Fig 2](#pone.0232602.g002){ref-type="fig"} and [S3 Table](#pone.0232602.s003){ref-type="supplementary-material"}.

![Comparisons of the simple sequence repeats (SSR) among the 15 plastomes of Scutellarioideae.\
**(A)** Number of SSRs detected in each plastome; **(B)** Frequencies of identified SSRs in LSC, IR, and SSC regions; **(C)** Number of SSR types detected in each plastome.](pone.0232602.g002){#pone.0232602.g002}

When the cyclic queues and reverse complements were regarded as the same SSRs, the 590 SSRs can be classified into 17 different repeat types. The mononucleotide repeat unit (A/T); dinucleotide repeat unit (AT/AT), trinucleotide repeats unit (AAG/CTT) and tetranucleotide repeat unit (AAAG/CTTT, AAAT/ATTT) were shared in all the 15 samples ([Fig 3](#pone.0232602.g003){ref-type="fig"}). The mononucleotide repeat unit (G/C) was absent in *Scutellaria calcarata*. Within the trinucleotide repeat, the repeat unit (AAC/GTT) was unique to *Wenchengia*, and the repeat unit (AAT/ATT) was shared by the other samples except the *Wenchengia alternifolia* VN accession. The tetranucleotide repeats showed the most polymorphisms, the repeat unit (AAAC/GTTT) were shared with *Holmskioldia* and the two samples of *Wenchengia*; the repeat unit (AACC/GGTT) was detected in nine species from *Scutellaria*; the repeat unit (AATC/GATT) was found in *Holmskioldia* and four *Scutellaria* species (*S*. *calcarata*, *S*. *insignis*, *S*. *mollifolia* and *S*. *quadrilobulata*); the repeat unit (AATT/AATT) was not found in *S*. *calcarata*, *S*. *lateriflora*, *S*. *mollifolia*, *S*. *orthocalyx* and *S*. *quadrilobulata*. The repeat unit (ACAG/CTGT) was shared by other species excluding the *Holmskioldia*, and repeat unit (AGAT/ATCT) didn't present in *S*. *altaica*, *S*. *amoena* var. *amoena*, *S*. *baicalensis*, *S*. *insignis* and *S*. *przewalskii*. The pentanucleotide repeats were detected in both individuals of *W*. *alternifolia* and in *Tinnea aethiopica*, while the hexanucleotide repeats were only found in *S*. *baicalensis*. The distribution of the 17 repeat types among the 15 plastomes and their relationships is shown in [Fig 3](#pone.0232602.g003){ref-type="fig"}.

![Distribution of the 17 types of SSR repeat units among 15 plastomes of Scutellarioideae and their relationships.\
The horizontal axis indicates the species name and the Y-scale indicates the type of repeat unit.](pone.0232602.g003){#pone.0232602.g003}

In total, 489 long repeats including forward, reverse, and palindromic were detected in the 15 plastomes ([Fig 4](#pone.0232602.g004){ref-type="fig"}). The most abundant type were the palindromic repeats, which accounted for 54.26% of the total repeats, followed by forward repeats (44.91%). The reverse repeats were rare and accounted for only 0.83% of the total repeats ([Fig 4](#pone.0232602.g004){ref-type="fig"}). Most repeats were located in the non-coding regions (77.96%; [Fig 4](#pone.0232602.g004){ref-type="fig"}). The length of the repeats ranged from 30 bp to 136 bp, and most of the repeat sequences were 30 bp, 32 bp, 39 bp, 41 bp, and 60 bp long ([Fig 4](#pone.0232602.g004){ref-type="fig"}, [S4 Table](#pone.0232602.s004){ref-type="supplementary-material"}).

![Long repeat sequences in the complete plastomes of 15 taxa of Scutellarioideae.\
**(A)** Number of repeat types detected in each plastome; **(B)** Frequency of each repeat type; **(C)** Percentages of repeat type loci in the non-coding and coding regions; **(D)** Frequencies of repeats longer than 30 bp.](pone.0232602.g004){#pone.0232602.g004}

Comparative analysis of plastomes of Scutellarioideae {#sec010}
-----------------------------------------------------

The Mauve results showed that the organization of the plastomes in Scutellarioideae is highly conserved; neither translocations nor inversions were detected. However, differences in the size of the plastomes were detected. For example, the plastome of *Scutellaria przewalskii* was the shortest (151,675 bp), while that of *Holmskioldia sanguinea* (153,272 bp) was longer than the other species ([S2 Fig](#pone.0232602.s006){ref-type="supplementary-material"}). Results from the analyses by mVISTA showed that the two IR regions were less divergent than the LSC and SSC regions. Moreover, the non-coding regions and the intergenic spacers exhibited a higher divergence than the coding regions ([Fig 5](#pone.0232602.g005){ref-type="fig"}). In all species, the IRa/LSC junctions were located within the *rps19* gene, with a 41--74 bp protrusion of the *rps19* gene into the IRa region that resulted in a part of the *rps19* gene (*ψrps19*) present in the IRb region. In *Wenchengia alternifolia* and *Tinnea aethiopica*, the *ndhF* gene was completely located in the SSC region while in *H*. *sanguinea* and all species of *Scutellaria* a small fragment of the *ndhF* gene extended into the IRa region with (29 bp in *H*. *sanguinea* and 25--45 bp among species of *Scutellaria*). The IRb/SSC boundary was within the *ycf1* gene, with between 771 and 1,184 bp in the IRb region. An equal length *ycf1* pseudogene (*ψycf1*) was detected in the IRa region. The IRb/LSC boundary was located between the pseudogene *rps19* (*ψrps19)* and *trnH-GUG* across the 15 plastomes. The distance between *trnH-GUG* and the IRb/LSC boundary for all species varied from 0 to 3 bp ([Fig 6](#pone.0232602.g006){ref-type="fig"}).

![Sequence alignment of the whole plastomes of 15 taxa of Scutellarioideae using the LAGAN alignment algorithm in mVISTA, with *Scutellaria baicalensis* as the reference.\
The horizontal axis indicates the coordinates within the plastomes. The Y-scale indicates the percentage of identity, ranging from 50% to 100%. Genome regions are color coded as protein coding, trnA gene, rrnA gene, intron, mRNA, and conserved non-coding sequences.](pone.0232602.g005){#pone.0232602.g005}

![Comparisons of the LSC, IR, and SSC borders of plastomes of *Scutellaria* and related genera.](pone.0232602.g006){#pone.0232602.g006}

Sequence divergence and nucleotide diversity {#sec011}
--------------------------------------------

The average nucleotide variability (Pi) of plastomes was estimated to be 0.004 in *Scutellaria* ([Fig 7](#pone.0232602.g007){ref-type="fig"}). The SSC region showed the highest average nucleotide diversity (Pi = 0.0148), followed by the LSC region (Pi = 0.0087) and the IR region (Pi = 0.0019). Among the 11 species of *Scutellaria*, ten hyper-variable regions were identified, including two genes *(ndhF*, *ycf1*) and eight intergenic spacers (*psbA-trnH*, *trnK-rps16* intron, *petN-psbM*, *rbcL-accD*, *petA-psbJ*, *petB-petD* intron, *rpl32-trnL*, and *rps15-ycf1*), with the variation exceeding 2.0%.

![Sliding window analysis of the whole chloroplast genomes.\
**(A)** the 11 species of *Scutellaria*; **(B)** the 15 samples of Scutellarioideae.](pone.0232602.g007){#pone.0232602.g007}

As for the 15 samples of Scutellarioideae, the average nucleotide variability (Pi) of the whole plastome was 0.014, while that of the LSC, SSC, and IR regions were 0.0178, 0.028, and 0.003, respectively. In the LSC region, we found 11 hyper-variable loci with Pi values \> 0.03 (*psbA-trnH*, *trnK-rps16* intron, *atpH-atpI*, *rpoB-trnC*, *petN-psbM*, *ycf3-trnS*, *trnT-trnF*, *rbcL-accD*, *ycf4-cemA*, *petA-psbJ*, and *petB-petD* intron), while in the SSC region, only five hyper-variable loci with Pi values \> 0.03 (*ndhF*, *rpl32-trnL*, *ccsA-ndhD*, *rps15-ycf1*, and *ycf1*) were detected ([Fig 7](#pone.0232602.g007){ref-type="fig"}).

Characteristics of the datasets and phylogenetic relationships within Scutellarioideae {#sec012}
--------------------------------------------------------------------------------------

After the exclusion of ambiguously aligned sites, the total length of the complete aligned dataset (CPG) was 144,120 bp, of which 36,934 bp were variable (25.63%). The length of the CR dataset was 70,046 bp, of which 14,288 bp (20.4%) were variable. The noncoding dataset (NCR) was 72,624 bp, of which 23,032 bp (31.71%) were variable. The hyper-variable dataset (16VAR) was 24,090 bp, of which 9,953 bp (39.8%) were variable. The six commonly used cpDNA regions (6CP) was 8,346 bp, of which 2,820 bp (33.6%) were variable. Data characteristics with models selected for each dataset used for Bayesian phylogenetic analyses are list in [Table 4](#pone.0232602.t004){ref-type="table"}. Topologies obtained from both ML and BI analyses for all three datasets were identical, thus the ML topology resulting from the analysis of the CPG dataset ([Fig 8](#pone.0232602.g008){ref-type="fig"}) is presented here for subsequent discussion of phylogenetic relationships.

![The best-score tree from maximum likelihood analysis of Scutellarioideae based on the complete plastome sequences.\
Support values BS ≥ 50% or PP ≥ 0.90 are displayed on the branches follow the order ML~BS~/BI~PP~ ("-" indicates a support value BS \< 50%). Scale bar denotes the expected number of substitutions per site in maximum likelihood analysis.](pone.0232602.g008){#pone.0232602.g008}

10.1371/journal.pone.0232602.t004

###### The number of parsimony-informative sites and the best fit model for each data set.

![](pone.0232602.t004){#pone.0232602.t004g}

  Data set[\*](#t004fn001){ref-type="table-fn"}   Aligned length \[bp\]   GC content (%)   No. of variable sites \[bp\]   No. of parsimony-informative sites \[bp\]   Best fit model (BIC)
  ----------------------------------------------- ----------------------- ---------------- ------------------------------ ------------------------------------------- ----------------------
  CR                                              70,046                  38.20            14,288 (20.4%)                 8,695 (12.41%)                              GTR+I+Γ
  NCR                                             72,624                  33.60            23,032 (31.71%)                13,208 (18.19%)                             GTR+I+Γ
  CPG                                             144,120                 37.10            36,934 (25.63%)                21,763 (15.10%)                             GTR+I+Γ
  16VAR                                           24,090                  31.60            9,953 (39.8%)                  5,865 (24.30%)                              GTR+I+Γ
  6CP                                             8,346                   35.70            2,820 (33.6%)                  1,812 (21.71%)                              GTR+I+Γ

\*: CPG, complete plastome sequences; CR, coding regions; NCR, non-coding regions; 16VAR: 16 hyper-variable regions; 6CP: six commonly cpDNA regions.

In all our analyses, the Scutellarioideae was supported as monophyletic (ML/BS 100%, BI/PP 1.00) \[all values follow this order hereafter\] ([Fig 8](#pone.0232602.g008){ref-type="fig"}, [S3](#pone.0232602.s007){ref-type="supplementary-material"}--[S8](#pone.0232602.s012){ref-type="supplementary-material"} Figs). The two samples of the monotypic genus *Wenchengia* formed a well-supported clade (100%, 1.00) sister to remaining genera of Scutellarioideae. All species of *Scutellaria* were recovered in a strongly supported clade (100%, 1.00), in which two subclades were recognized. Subclade I (100%, 1.00) comprised five species from three sections: sect. *Lupulinaria* (*S*. *altaica* and *S*. *przewalskii*, sect. *Scutellaria* (*S*. *baicalensis* and *S*. *amoena* var. *amoena*), and sect. *Anaspis* (*S*. *kingiana*). Subclade II (100%, 1.00) consist of six species from sect. *Scutellaria*.

Discussion {#sec013}
==========

General characteristics of the plastomes of Scutellarioideae {#sec014}
------------------------------------------------------------

Prior to this study, three plastomes of *Scutellaria* were available on GenBank, but two of them were without any related publication or analysis; only *S*. *baicalensis* was formally published \[[@pone.0232602.ref050]\]. The species S. *indica* var. *coccinea* has since been published, but the sequences were not yet available \[[@pone.0232602.ref051]\]. Here, we report on 12 complete plastomes representing 11 species from four genera of Scutellarioideae for the first time. In total, 15 plastomes were included for comparative analysis.

The length of plastomes of the 15 taxa from Scutellarioideae ranged from 151,675 bp to 153,272 bp, with the variation mainly caused by large indels (insertions/deletions) in the noncoding regions. The plastomes of Scutellarioideae are highly conserved in structure, gene order, and content. All the 15 plastomes encode 114 unique genes in the same gene order and display the typical quadripartite structure, including a pair of IR regions separated by the LSC and SSC regions ([Fig 1](#pone.0232602.g001){ref-type="fig"} and [S1 Fig](#pone.0232602.s005){ref-type="supplementary-material"}). Lee and Kim \[[@pone.0232602.ref051]\] have recently identified 115 genes from the plastome of *S*. *indica* var. *coccinea*. In comparison with the present study, one extra tRNA gene was identified. Because sequences and annotation information of this plastome have not been released, we could not include it for comparative analysis. The average GC content of Scutellarioideae plastomes in our study was38.3%, very similar to other species in Lamiaceae \[[@pone.0232602.ref050], [@pone.0232602.ref051], [@pone.0232602.ref075]--[@pone.0232602.ref077]\].

The complete aligned sequences indicate that the 15 plastomes of Scutellarioideae are conserved, with the sequence identity among genera higher than 95% and no major structural rearrangements or gene losses discovered. The location of the IR boundaries, especially as this pertains to IR contraction and expansion, can be exploited for phylogenetic purposes as small expansions or contractions tend to have similar endpoints in closely related species \[[@pone.0232602.ref078]\]. We find that the variation in the IR boundaries in Scutellarioideae, however, is not as extensive as reported in previous studies \[[@pone.0232602.ref079]\].

Chen et al. \[[@pone.0232602.ref079]\] reported that the LSC/IR regions within Lamiales can be divided into four different types: type I, with the LSC/IR regions being located in the intergenic *rpl2-rps19*; type II, with the *rps19* pseudogene at the LSC/IR border; type III, with the *ycf2* pseudogene at the IR/LSC border; and type IV, with the IR extending to include the *trnH* gene and a truncated *psbA* pseudogene at the IR/LSC border. Subsequently, Gao et al. \[[@pone.0232602.ref048]\] detected a new type where the IR/LSC border was found in the intergenic *rpl2-rps19*. In our study, the LSC/IR junction of all 15 species of Scutellarioideae belongs to type II, and the boundary of the SSC and IRa regions in *Wenchengia alternifolia* and *Tinnea aethiopica* is aberrant, with an expansion that involved the complete *ndhF* gene being included in the SSC region ([Fig 6](#pone.0232602.g006){ref-type="fig"}).

SSRs are widely used in molecular identification, genetic diversity, and population genetics studies \[[@pone.0232602.ref080]\]. Studies have shown that A/T mononucleotides are often very rich in SSRs \[[@pone.0232602.ref050], [@pone.0232602.ref076], [@pone.0232602.ref077]\]. Our analyses also show that SSRs in Scutellarioideae are generally composed of short polyadenine (poly A) or polythymine (poly T) repeats and rarely contain tandem guanine (G) and/or cytosine (C). In this study, a total of 455 SSRs are made up of A or T bases, accounting for approximately 77% of the total SSRs. In addition, most mononucleotide repeats were detected in the non-coding regions ([S3 Table](#pone.0232602.s003){ref-type="supplementary-material"}). A potential reason for the higher frequencies of the AT repeats is the strand separation for ATs is relatively easier than GCs during plastome replication, which increases slipped-strand mispairing. There is a tendency for SSRs to occur in the non-coding region of the chloroplast genome of higher plants \[[@pone.0232602.ref081]\]. The molecular processes that give rise to repeats are more likely to be preserved in non-coding regions because there is strong selection against them in coding regions. In addition, because the non-coding regions are so AT rich, there is an expectation that repeats will be biased towards AT content, especially in the single copy regions. In general, the structure and organization of plastomes is conserved and SSRs primers are transferable across species or genera. Thus, the new SSRs detected in this study are potential resources for estimating the genetic diversity of some important medicinal species of *Scutellaria*, and for phylogenetic study among species and genera.

It has been demonstrated that short dispersed repeats are a major factor promoting plastome rearrangements in land plants \[[@pone.0232602.ref082]\], but within the unrearranged plastid sequence the function of these repeats remains unknown \[[@pone.0232602.ref076]\]. Our study reveals three types of repeats (forward, reverse, and palindromic) in the 15 plastomes of Scutellarioideae. As has been reported in other species of Lamiales \[[@pone.0232602.ref079], [@pone.0232602.ref083]\], most of these repeats are located in the intergenic spacers and introns, but several also occur in the coding regions. In total, 22.04% of the repeats occur in four protein coding regions (*psaB*, *psaA*, *ycf1*, and *ycf2*; [S4 Table](#pone.0232602.s004){ref-type="supplementary-material"}). The genes *ycf1* and *ycf2* have been demonstrated to be associated with repeat events \[[@pone.0232602.ref084]\]. In our study, the richest repeats are found in the *ycf2* gene, similar to other studies \[[@pone.0232602.ref048], [@pone.0232602.ref079], [@pone.0232602.ref083]\]. However, only one palindromic repeat, in the *ycf1* gene of *Wenchengia alternifolia* VN was detected. The absence of the dispersed repeats from the *ycf1* gene in this study is partially because the plastomes from closely related species are highly similar and lack of variation.

Potential DNA barcodes for *Scutellaria* {#sec015}
----------------------------------------

Genomic comparative analyses of complete plastome sequences have become necessary for developing variable DNA barcodes, especially for finding mutation "hotspot" regions for novel DNA barcodes in addition to the set of widely used DNA markers (*matK*, *rbcL*, *psbA*-*trnH*, and nrITS \[[@pone.0232602.ref085]--[@pone.0232602.ref087]\]).

Though *Scutellaria* is the second largest genus within Lamiaceae and has medicinally important \[[@pone.0232602.ref088]\], DNA barcoding research within the genus is wanting. Guo et al. \[[@pone.0232602.ref068]\] attempted to distinguish the most widely used medicinal species, *S*. *baicalensis*, from its congeners, *S*. *amoena*, *S*. *rehderiana* Diels, and *S*. *viscidula* Bunge. However, this study had sparse sampling and only three DNA regions were used (*matK*, *rbcL*, and *psbA*-*trnH*). In previous studies, the cpDNA markers *rps16* (as part of the *trnK-rps16* intron), *ndhF*, *rps15-ycf1*, and *ycf1* were used to resolve the systematic position of some genera within Lamiaceae \[[@pone.0232602.ref089], [@pone.0232602.ref090]\], and fragments of *psbA-trnH*, *rpl32-trnL*, *rps15-ycf1*, and *ycf1* were applied to infer the intrageneric relationships \[[@pone.0232602.ref091], [@pone.0232602.ref092]\]. Some fragments, such as *petN-psbM* and *petA-psbJ* have been commonly used in seed plant phylogenetic studies \[[@pone.0232602.ref093], [@pone.0232602.ref094]\], but never have been used to resolve phylogenetic relationships in Lamiaceae. The intergenic spacer *rbcL-accD* and *petB-petD* intron have been identified as highly variable regions in other plants \[[@pone.0232602.ref095], [@pone.0232602.ref096]\]. The 10 highly variable regions (*psbA-trnH*, *trnK-rps16* intron, *petN-psbM*, *rbcL-accD*, *petA-psbJ*, *petB-petD* intron, *ndhF*, *rpl32-trnL*, *rps15-ycf1*, and *ycf1*; [Fig 7](#pone.0232602.g007){ref-type="fig"}) identified here could be used as potential barcodes for species identification and phylogenetic study of *Scutellaria*. Although further research is needed to investigate the reliability and effectiveness of using these regions and/or complete plastome sequences for DNA barcodes in *Scutellaria*, the results obtained here could be a reference for future studies on global genetic diversity assessment, phylogeny, and population genetics.

Phylogenetic relationships within Scutellarioideae {#sec016}
--------------------------------------------------

Our study is the first to use complete plastome sequences to reconstruct the phylogeny of Scutellarioideae. The phylogenetic tree obtained here is largely consistent with previous studies based on the plastid DNA markers \[[@pone.0232602.ref001], [@pone.0232602.ref009], [@pone.0232602.ref097], [@pone.0232602.ref098]\]. However, some phylogenetic relationships within Lamiaceae differ from recent nuclear trees \[[@pone.0232602.ref099]\]. Such incongruence between plastid and nuclear phylogenies emphasizes a need for phylogenetic inferences based on both plastome sequences and nuclear data, which can together both robustly resolve relationships and point to potential ancient hybridization events.

The monophyly of Scutellarioideae is confirmed based on the analyses of all datasets ([Fig 8](#pone.0232602.g008){ref-type="fig"}, [S3](#pone.0232602.s007){ref-type="supplementary-material"}--[S8](#pone.0232602.s012){ref-type="supplementary-material"} Figs), and the major splits determined in this study for Scutellarioideae agree with previous studies \[[@pone.0232602.ref001], [@pone.0232602.ref009]\]. This study confirmed that the monotypic genus *Wenchengia* is sister to the remainder of Scutellarioideae ([Fig 8](#pone.0232602.g008){ref-type="fig"}). This relationship has been reported in a previous study using two DNA markers (i.e. *rbcL* and *ndhF*; \[[@pone.0232602.ref009]\]). The accession of *W*. *alternifolia* from Vietnam was recovered in a clade with an accession of *W*. *alternifolia* from Hainan, China in our analyses. The genus has long been thought to be endemic to Hainan Island in China and was only recently reported from Vietnam. As suggested by Paton et al. \[[@pone.0232602.ref016]\], the distribution of *Wenchengia* in Vietnam indicates that the Hainan populations are probably relicts of a once more widely distributed *W*. *alternifolia*. The discovery of living plants in Vietnam offers the opportunity for population genetic and biogeographic studies of *Wenchengia* in future.

The African genus *Tinnea* is sister to *Scutellaria*, as reported by Wagstaff et al. \[[@pone.0232602.ref008]\] and Li et al. \[[@pone.0232602.ref001], [@pone.0232602.ref009]\]. Although *Renschia* has never been included in a molecular analysis, morphological characters, e.g. ciliate anthers, well-developed nectar disk, bilabiate calyx with entire, rounded lips, and the closing of the calyx during fruit maturation \[[@pone.0232602.ref006]\]), suggest a close relationship among *Renschia*, *Tinnea*, and *Scutellaria*. *Renschia* is probably most closely related to *Tinnea* based on distribution (both genera are distributed in Africa; *Renschia* is endemic to North Somalia and *Tinnea* to tropical Africa) and morphology. Vatke \[[@pone.0232602.ref100]\] established *Renschia* based on *Tinnea heterotypica* S. Moore, and distinguished *Renschia* from *Tinnea* by its protruding stamens, the short and basal areoles of nutlets, and the indistinct nervation of calyces.

A total of 11 species of *Scutellaria* were sampled from both subgenera sensu Paton \[[@pone.0232602.ref005]\]. The monophyly of *Scutellaria* is supported here as in other studies \[[@pone.0232602.ref001], [@pone.0232602.ref009], [@pone.0232602.ref018], [@pone.0232602.ref043]\], but the infrageneric classification of *Scutellaria* as proposed by Paton \[[@pone.0232602.ref005]\] is not supported by the present study ([Fig 8](#pone.0232602.g008){ref-type="fig"}). As shown in [Fig 8](#pone.0232602.g008){ref-type="fig"}, in our sampling *Scutellaria* is comprised of two subclades: Subclade I included five taxa from subg. *Scutellaria* and two taxa from subg. *Apeltanthus*; Subclade II consists of six species from subg. *Scutellaria* sect. *Scutellaria*. Species from sect. *Scutellaria* are recovered in both subclades, thus the monophyly of subgenus *Scutellaria* and sect. *Scutellaria* is not supported by the plastome sequences in this study or nuclear ribosomal sequences in previous studies \[[@pone.0232602.ref018], [@pone.0232602.ref043]\]. With only one species of sect. *Anaspis* sampled here, it is premature to assess its monophyly. Though a recent study by Safikhani et al. \[[@pone.0232602.ref018]\] revealed that sect. *Anaspis* is a well-supported group, only four representatives of the section from Iran were included in their study. Subgenus *Apeltanthus* is well supported in all studies \[[@pone.0232602.ref018], [@pone.0232602.ref043]\]. The two sections of subg. *Apeltanthus*, sect. *Apeltanthus* and sect. *Lupulinaria*, are shown to be monophyletic in our study as in Zhao et al. \[[@pone.0232602.ref043]\]. However, based on a broader sampling, Safikhani et al. \[[@pone.0232602.ref018]\] revealed that neither of the two sections is supported. Further phylogenetic study of subg. *Apeltanthus* is needed based on a more comprehensive sampling and more DNA markers.

Despite the limited sampling, our study, based on complete plastomes, presents a more resolved and better supported phylogeny of Scutellarioideae than previous studies \[[@pone.0232602.ref001], [@pone.0232602.ref009], [@pone.0232602.ref018], [@pone.0232602.ref043], [@pone.0232602.ref098]\]. All the phylogenetic trees inferred from the complete plastome sequences have higher resolution ([Fig 8](#pone.0232602.g008){ref-type="fig"}) than trees based on the six commonly used chloroplast DNA regions (*matK*, *ndhF*, *rbcL*, *rpL32-trnL*, *rps16-intron*, and *trnL-F*; [S7 Fig](#pone.0232602.s011){ref-type="supplementary-material"}) in previous studies \[[@pone.0232602.ref009], [@pone.0232602.ref041], [@pone.0232602.ref068]\] and 16 hyper-variable chloroplast regions ([S8 Fig](#pone.0232602.s012){ref-type="supplementary-material"}), demonstrating that complete plastome sequences can markedly improve phylogenetic resolution, at least within Scutellarioideae and Lamiaceae.
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2\. Has the statistical analysis been performed appropriately and rigorously?
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5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: The manuscript by Fei Zhao et al. describes 12 new chloroplast genomes from 11 species and four genera of Scutellarioideae (Lamiaceae). The authors present a careful and thoughtful set of analyses and interpretations, characterizing genome structure and genic content, as well as genomic features and regions with utility for population genetic and phylogenomic studies of the clade. Regarding the latter, they attempt to demonstrate the utility of plastid phylogenomic data for resolving species-level relationships in Scutellarioideae, as well as within Lamiaceae.

I genuinely appreciate the authors' approach to this study and have no major issues with their methods; most of my comments are intended as helpful suggestions. The pace at which new chloroplast genomes have been generated for Lamiaceae has been relatively slow, and structural variations within the family and the utility of large-scale plastid data in phylogenomic and population genetic studies of mints is not well established. Currently there are only a few published studies that have made these comparisons, and all are clade-specific. Thus, this study represents a new and important contribution to the literature.

I have only a few major concerns that I feel should be addressed by the authors:

1\. (L196) The authors made a new chloroplast genome assembly for Callicarpa americana using data deposited in SRA by the Mint Evolutionary Genomics Consortium (2018), but they do not provide any details about this assembly in the manuscript or supplemental tables and have not included an accession ID indicating that the annotated genome assembly is available in an appropriate repository (or at least I am not seeing these details).

2\. It's not clear from the study results whether complete chloroplast sequence data are necessary to reconstruct relationships in Scutellarioideae or if a smaller matrix of highly variable chloroplast loci (e.g., the list characterized by this study) would also resolve species-level relationships with high support values. This is especially relevant given that sequence capture approaches have very recently become more efficient, reducing off-target reads from the plastome that can be mined and assembled for phylogenomic analyses from targeted capture and high-throughput sequencing of nuclear loci (see de La Harpe et al. 2018); additional financial investments for captures and/or sequencing is now necessary to ensure acquisition of large-scale plastid data for phylogenomic analyses. It is difficult to assess from the data presented here how much plastid data are needed to robustly resolve relationships, especially because comparisons of plastid phylogenomic results are made with published results based on different taxon and DNA sampling schemes. I think this "problem" could be addressed with minimal effort by the authors (see my comment/recommendation for L509 below).

Additional comments:

L27: It seems rather subjective to refer to Scutellaria as \"one of the largest and most taxonomically challenging genera\". Please explain.

L29: This is a picky (semantic) point. A "lack of molecular data" doesn't directly hinder our understanding of phylogeny. It hinders our ability to accurately and robustly reconstruct phylogenetic relationships, which in turn hampers our understanding of diversity and evolutionary history.

L30-35. The authors should consider alternative phrasing here for improved efficiency.

L50. Pick one: "angiosperm family" or "flowering plants".

L51. Why is Scutellarioideae one of the most distinctive subfamilies? Explain.

L97. The authors indirectly refer to molecular systematic studies of particular genera, but do not provide citations for these studies as examples. I think it's fair to do so.

L105. The authors extensively discuss the need for broad or comprehensive sampling in Scutellaria/Scutellarioideae, and yet this study does not accommodate this need.

L159: Please note the correct spelling of "de Bruijn". What criteria were used in the manual selection of sequence paths (via visualization in Bandage)? This information might be useful to readers.

L160: Were mapped reads also used to evaluate and report on depth of coverage?

L164: DOGMA is an "somewhat dated" tool for chloroplast genome annotation and, although that doesn't mean it isn't useful, I'm wondering why the authors chose this tool over newer options. Have they compared their DOGMA annotations with GeSeq (Tillich et al. 2017) annotations?

L191--192. This wording isn't clear. Do you mean that you "evaluated the utility of complete plastome sequences for resolving both the placement of Scutellarioideae in Lamiaceae and species-level relationships in the clade (= traditional subfamily)"?

The author's use of Lamiaceae-wide sampling seems to go beyond the explicitly stated goals of this study, which focus on Scutellarioideae/Scutellaria (especially without the wording I mention above). Since there isn't a backbone phylogeny based for Lamiaceae inferred from complete plastome sequences, they may be underselling the significance of their plastid phylogenomic results and its value for the Lamiaceae systematics community. Lamiaceae-wide relationships are only briefly mentioned in the discussion and the importance of the placement of Scutellarioideae in Lamiaceae might be worth highlighting.

L205--206. Which IR copy was used (IRa or IRb)? If IRb was not used, how did you deal with the ycf1 gene that spans the IRb/SSC boundary? And did you remove the rps19 pseudogene?

L244. Previous reports by Jiang et al. (2017) and Lee and Kim (2019) report 114 and 115 genes in chloroplast genomes from Scutellaria sp., respectively. I don't see any mention of the recent Lee and Kim (2019) manuscript on the S. indica var. coccinea chloroplast genome here. What is the additional (tRNA?) gene? Has it been missed in previous annotations and those included here? Given that new genomes are available since you started your study, it might be worth a quick look and reference in your discussion.

L405. What do the authors mean by "intense" here?

L409--411. I appreciate the discussion of types I--IV here. This is interesting. It would be useful to mention any lineage-specific patterns with regard to types observed in Lamiales (if known by the authors).

L444. "Though Scutellaria is one of the largest and most important medicinal genera within Lamiaceae". Is there an appropriate citation for this? This statement seems subjective.

L467. The phylogeny is consistent with studies based primarily on plastid data. However, your results differ from recent nuclear trees (i.e. Mint Evolutionary Genomics Consortium 2018). The incongruence between plastid and nuclear phylogenies emphasizes a need for phylogenetic inferences based on complete plastome sequences, which can robustly resolve relationships (as the authors attempt to demonstrate in this study). Perhaps that is worth mentioning in your discussion.

L509. It is not unreasonable to expect strongly supported relationships in a phylogenetic study with sparse taxon sampling, regardless of whether genome-scale DNA sequence data were used. The authors could easily bolster their argument that use of complete plastome data improves phylogenetic resolution/support if they showed a side-by-side comparison of phylogenetic results, e.g.: (1) phylogeny inferred from commonly used or highly variable chloroplast markers (mentioned in the manuscript) subsampled from their matrix, and (2) your Figure 7 tree inferred from whole chloroplast sequences. This would demonstrate the utility of large-scale data and help avoid making comparisons of phylogenies yielded from studies with different taxon/DNA sampling schemes.

Reviewer \#2: Title: Leveraging plastomes for comparative analysis and phylogenomic inference within Scutellarioideae (Lamiaceae).

Authors: F. Zhao et al.

Journal: PLOS One

Review:

This manuscript describes the comparison of 12 new plastid genomes along with 3 previously released plastomes for a total of 15 plastomes of the subfamily Scutellarioideae. The clade consists of the large genus Scutellaria, with 300-400 species and four small genera (three monotypic). Plastome structure, sequence variation, and repeats are presented, along with a phylogenetic tree based on whole genome sequence data.

The presentation is straightforward and mostly descriptive. I have a few more important points, but most of my comments are minor and, I hope, will make the paper a little clearer in places.

Major points.

1\. GC content and distribution of SSR and repeats. It has been known for 30 years or more that chloroplast genomes are AT rich, especially in the non-coding regions, where selection is not maintaining GC content for amino acid coding. This paper notes the differences in GC content between large and small single copy regions and the inverted repeats, but doesn't mention the difference between coding/non-coding regions (Table 4 has GC content for the coding and non-coding datasets, but these are not for complete genomes, if I understand correctly). Separately, the authors note that most of the mono- and dinucleotide repeats are ATs and that they are located primarily in the non-coding regions, but they never put these observations together to conclude that the molecular processes that give rise to repeats (errors in replication) are most likely to be preserved in non-coding regions, because there is strong selection against them in coding regions, and that because the non-coding regions are so AT rich there is an expectation that repeats will be biased towards AT content, especially in the single copy regions. I think it would be great to note this association in the Discussion.

2\. Counts of SSR and repeat regions in the plastomes are given for individual plastomes and summed for all plastomes (depicted in Figs 2-3), but the aggregate numbers are not very meaningful, because in many, perhaps most, cases these are shared among genomes by descent from a common ancestor. These plastomes represent closely related species that have diverged little in primary sequence, as they show elsewhere in this paper, so the expectation would be that many of these features are shared by descent. This information would be of great interest to people interested in plastome evolution and in the utility of SSR data for evolutionary studies. I would like to see some analysis of the extent to which these repeat elements are shared between related species.

3\. The graphic depictions of the repeat data in Figs. 2 and 3 don't work very well for me. In my opinion, for example, the Table S2 depicts these data better and more precisely than the bar graphs and pie charts in Fig. 2. This is especially so in fig. 2D, where the many colors are not easily distinguished and the bars are so compressed for all but the A/T mononucleotide repeats that they cannot be interpreted. My point above about repeats shared by common ancestry is important here. By summing the SSRs or repeats in bar graphs like this, the reader is led to believe that there are many independent repeats, when there are likely to be only a few that are shared among many or all sampled species. It would be really interesting to know how many are shared and how widely among Scutellarioideae and how many are unique to individual plastomes.

4\. I'm a little confused about a few of the Simple Sequence Repeats in Fig. 2D. My understanding of SSRs is incomplete, but I understand that they are repeat motifs of one or a few nucleotides, which exist, of course, in their complement on the opposite strand. Hence repeats like AACC and GGTT count as one repeat (AACC/GGTT in Fig. 2D), because they will exist in exactly equal numbers as complements on opposing strands of DNA and are for all intents and purposes indistinguishable when assessing DNA variation. However, three of the SSRs presented in Fig. 2D and in the text on page 14 are not complement pairs, so I don't know if I misunderstand their interpretation of SSRs or if there is an error in their results. Specifically, they include the following: AATC/ATTG, AAATC/ATTTG, and AAATAG/ATTTCT.

5\. IR/SSR boundary presentation. In Fig. 5 and Results, page 16, for Holmskioldia and all of the Scutellaria accessions, the SSC/IRa junction is depicted as falling in the middle of ndhF, while the SSC/IRb junction is depicted as falling in the middle of ycf1. There is something wrong here. Since, by definition the two IR regions are identical, inverted sequence regions, the IR sequence adjoining the two SSC junctions have to be identical. The IR sequence can either be ndhF OR ycf1, but not ndhF on IRa and ycf1 on IRb. If the SSC/IRa junction has moved 25-40 bp into ndhF, then these nucleotides will also appear in the IRb at its SSC junction. If the ycf1 coding frame extends across the SSC/IRb junction, then it would be disrupted by including this sequence in the middle of its reading frame. It is possible that this is the case and that ycf1 is a non-functional pseudogene in Scutellaria (as it is in a number of other plastomes). I think the authors need to look closely at those junctions and sort this out.

In Fig. 5, I think it would be good to show the portion of the ycf1 gene that exists in the SSC end of the IRa, as is done with the rps19 fragment in the IRb at the LSC/IRb junction.

Minor comments in order of appearance:

INTRODUCTION

a\. P. 2, line 49. Introduction misspelled

b\. P. 3, line 61. Two early molecular phylogenetic studies that confirmed Cantino's evidence for the 'modern' circumscription I suggest that the one or both of these papers should be cited here to acknowledge that fact. See also p. 22, lines 467.

Wagstaff, S. J. and R. G. Olmstead. 1997. Phylogeny of the Labiatae and Verbenaceae inferred from rbcL sequences. Syst. Bot. 22: 165-179.

Wagstaff, S. J., P. A. Reeves, L. Hickerson, R. E. Spangler, and R. G. Olmstead. 1998. Phylogeny of Labiatae s.l. inferred from cpDNA sequences. Pl. Syst. Evol. 209: 265-274.

c\. P. 5, line 113. Plastomes are described as "...multiple copies, and a typically quadripartite..." Add "per cell" after "multiple copies."

d\. METHODS

e\. P. 8, lines 175-6. What is "hamming distance?" What was the basis for a minimum repeat size of 30?

f\. RESULTS

g\. P. 10 lines 221-2. Describing coverage to 3 decimal places, when coverage varies throughout the plastome seems overly precise. Close enough to take it to the nearest whole intger.

h\. P. 10, lines 226-7. "The GC content was evenly distributed ..." What does this mean? Clearly it is not evenly distributed throughout the genome. I think the authors mean that all of the plastomes in Scutellarioideae have similar overall GC content.

i\. P. 10, lines 228-9. Please also note the difference between coding and non-coding regions in GC content.

j\. P. 11, Fig. 1. Figure 5 shows the gene rps19 at the LSC/IRa junction, but this gene is not depicted on any of the circular diagrams in Fig. 1. Is anything else missing?

Also, gene fragments that exist on one IR, because they are part of a gene split by the opposite SC/IR junction (e.g., ycf1) should be identified as pseudogenes with an appropriate symbol.

k\. P. 11, lines 245-6. "A total of eighteen genes have undergone duplication in the IR region" This should read: "A total of eighteen genes exist in duplicate copies in the IR region." There is no reason to believe that these have undergone duplication, since the IR is a feature of virtually all plastomes.

l\. P. 14, line 275. "The length of repeats ranged from 10 to 139, with an average value of 17 bp." This is not very meaningful, since a repeat length of 10 was arbitrarily chosen as the lower cutoff for this analysis. Also, I don't believe the average repeat length is very meaningful, given the fact that many of the repeats will be present in multiple plastomes due to common descent.

m\. P. 15, line 294. I would like examples or descriptions of what is meant by forward, reverse, and palindromic repeats.

n\. P. 16. Lines 325-31. Figure 4. The caption and the legend on the figure need to be aligned better. Does "protein coding" = "exon," "intron" = "UTR," etc. I am confused about what is meant by mRNA. mRNA molecules are the product of transcription of protein coding genes and are not, themselves part of a genome. There doesn't appear to be any gray portions of these plastome figures; does mRNA refer to the arrows above the linear genomes? Why the very long arrow from ca. 99k to ca. 70k labeled rps12? Isn't this a trans-spliced mRNA and not one very long transcription unit?

o\. P. 16, lines 332-3. See point \#5 above regarding ndhF and ycf1 genes at the SSC/IR junctions.

p\. P. 18, line 375. Caption to Fig. 7. Move the greater-than-or-equal-to sign to be in front of 50%.

q\. DISCUSSION

r\. P. 19, lines 402-3. "...IR contraction and expansion, has been considered to be a factor underlying species evolution withibn land plants." I am unaware of any suggestions that the expansion/contraction of the IR in plastomes has any functional role that may impact speciation or evolution in any way. The cited papers do not mention anything like this. I think the authors mean to say that the variation in IR junction can have phylogenetic signal among relatively closely related species.

s\. P. 19, line 405. "Extensive" instead of "intense"

t\. P. 20, lines 428-9. "short dispersed repeats are a major factor promoting plastome rearrangements in land plants, the function of these repeats remains unknown." Repeat regions have been identified at the end points of inversion in plastomes, but I think most people think this is a random process and that selection acts against most such mutations if they disrupt coding regions or regulatory genomic elements.

u\. P. 20, lines 437-8. "The absence of dispersed repeats from the ycf1 gene in this study may partially explain the sequence conservation of plastomes of Scutellarioideae." These plastomes are highly similar sequences (not necessarily "conserved"), because they are from closely related species. There may be fewer repeats in ycf1 than in plastomes of some other groups, but I doubt that it is a causative agent for the lack of variation in these plastomes.

v\. P. 23, line 494. "As shown in Fig. 7, Scutellaria is comprised of two subclades..." Add "in our sampling" to this sentence in front of "Scutellaria." The sampling is so limited, relative to the diversity of the genus, that this statement is a bit to strong.

w\. P. 24, line 521. Fig. S1. What is the zig-zag redline that connects down across the plastomes in this figure?

Signed: Richard Olmstead
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Reviewer 1

The manuscript by Fei Zhao et al. describes 12 new chloroplast genomes from 11 species and four genera of Scutellarioideae (Lamiaceae). The authors present a careful and thoughtful set of analyses and interpretations, characterizing genome structure and genic content, as well as genomic features and regions with utility for population genetic and phylogenomic studies of the clade. Regarding the latter, they attempt to demonstrate the utility of plastid phylogenomic data for resolving species-level relationships in Scutellarioideae, as well as within Lamiaceae.

I genuinely appreciate the authors' approach to this study and have no major issues with their methods; most of my comments are intended as helpful suggestions. The pace at which new chloroplast genomes have been generated for Lamiaceae has been relatively slow, and structural variations within the family and the utility of large-scale plastid data in phylogenomic and population genetic studies of mints is not well established. Currently there are only a few published studies that have made these comparisons, and all are clade-specific. Thus, this study represents a new and important contribution to the literature.

I have only a few major concerns that I feel should be addressed by the authors:

1\. (L196) The authors made a new chloroplast genome assembly for Callicarpa americana using data deposited in SRA by the Mint Evolutionary Genomics Consortium (2018), but they do not provide any details about this assembly in the manuscript or supplemental tables and have not included an accession ID indicating that the annotated genome assembly is available in an appropriate repository (or at least I am not seeing these details).

Corrected. The complete chloroplast genomes of Callicarpa americana were reassembled based on the SRA data (SRR6940059), and thus we didn't submit it to GenBank and only cited the SRA number in Table S4. Now, we have submitted the complete chloroplast genome of Callicarpa americana to GenBank; the accession number is MN883825.

2\. It's not clear from the study results whether complete chloroplast sequence data are necessary to reconstruct relationships in Scutellarioideae or if a smaller matrix of highly variable chloroplast loci (e.g., the list characterized by this study) would also resolve species-level relationships with high support values. This is especially relevant given that sequence capture approaches have very recently become more efficient, reducing off-target reads from the plastome that can be mined and assembled for phylogenomic analyses from targeted capture and high-throughput sequencing of nuclear loci (see de La Harpe et al. 2018); additional financial investments for captures and/or sequencing is now necessary to ensure acquisition of large-scale plastid data for phylogenomic analyses. It is difficult to assess from the data presented here how much plastid data are needed to robustly resolve relationships, especially because comparisons of plastid phylogenomic results are made with published results based on different taxon and DNA sampling schemes. I think this "problem" could be addressed with minimal effort by the authors (see my comment/recommendation for L509 below).

Corrected. Based on the results in the present study, we can say that using complete chloroplast sequence data or matrix of highly variable chloroplast loci are necessary to reconstruct relationships in Scutellarioideae. As suggested by the reviewer, we also selected some commonly used and highly variable chloroplast markers of all sampled taxa in the present study to reconstruct the phylogeny for comparison. Accordingly, more details are provided in the Discussion section.

Additional comments:

L27: It seems rather subjective to refer to Scutellaria as \"one of the largest and most taxonomically challenging genera\". Please explain.

Corrected. We have rewritten this sentence to minimize the subjectivity ("Scutellaria is the second largest and one of the more taxonomically challenging genera within Lamiaceae...")

L29: This is a picky (semantic) point. A "lack of molecular data" doesn't directly hinder our understanding of phylogeny. It hinders our ability to accurately and robustly reconstruct phylogenetic relationships, which in turn hampers our understanding of diversity and evolutionary history.

We re-worded this section.

L30-35. The authors should consider alternative phrasing here for improved efficiency.

Corrected.

L50. Pick one: "angiosperm family" or "flowering plants".

Corrected.

L51. Why is Scutellarioideae one of the most distinctive subfamilies? Explain.

The reason we say that is mostly based on its distinctive morphological characters: the entire-lipped, bilabiate calyx which closed at the mouth in fruit; the corolla zygomorphic, usually 2-lipped or 4-5-lobed; the anterior stamens have unilocular thecae due to the abortion of the upper locule, often referred to as dimidiate stamens; style terminal to sub-terminal, and the nutlets surface frequently tuberculate or bearing long, hair-like processes, attachment-scar usually lateral. The combination of these characters makes this subfamily easily distinguished from other subfamilies of Lamiaceae.

We added "morphologically" to the sentence in question to clarify.

L97. The authors indirectly refer to molecular systematic studies of particular genera, but do not provide citations for these studies as examples. I think it's fair to do so.

Corrected. we add the relevant reference in the review version.

L105. The authors extensively discuss the need for broad or comprehensive sampling in Scutellaria/S
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PONE-D-19-30248R1

Leveraging plastomes for comparative analysis and phylogenomic inference within Scutellarioideae (Lamiaceae)

PLOS ONE

Dear Dr. Xiang:

Thank you for submitting your manuscript to PLOS ONE. After careful consideration, we feel that it has merit but does not fully meet PLOS ONE's publication criteria as it currently stands. Therefore, we invite you to submit a revised version of the manuscript that addresses the points raised duri

We would appreciate receiving your revised manuscript by Apr 20 2020 11:59PM. When you are ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter.

To enhance the reproducibility of your results, we recommend that if applicable you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). This letter should be uploaded as separate file and labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. This file should be uploaded as separate file and labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. This file should be uploaded as separate file and labeled \'Manuscript\'.

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

We look forward to receiving your revised manuscript.

Kind regards,

Genlou Sun

Academic Editor

PLOS ONE

\[Note: HTML markup is below. Please do not edit.\]

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. If the authors have adequately addressed your comments raised in a previous round of review and you feel that this manuscript is now acceptable for publication, you may indicate that here to bypass the "Comments to the Author" section, enter your conflict of interest statement in the "Confidential to Editor" section, and submit your \"Accept\" recommendation.

Reviewer \#2: (No Response)

\*\*\*\*\*\*\*\*\*\*

2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

6\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#2: Review of Second submission

Title: Leveraging plastomes for comparative analysis and phylogenomic inference within Scutellarioideae (Lamiaceae).

Authors: F. Zhao et al.

Journal: PLOS One

Review:

In this revision the manuscript is considerably improved and many of the criticisms I raised in my original review are addressed.

Major points:

1\) Thanks to the authors for their reply to my query about the difference between forward, reverse, reverse complement, and palindromic repeats. It helped me to see the answer to a different concern I had raised regarding three of the SSRs that are not presented as complements in their paper. These are: AATC/ATTG, AAATC/ATTTG, and AAATAG/ATTTCT. I think these are labeled wrongly, with the mistake possibly being an improper computer output that was not caught by the authors, although I may still be mistaken in my understanding.

Let's work an example.

If AATC/ATTG represents a reverse complement repeat, the reverse complement of AATC would be GATT.

In the genome the repeat would look like this: GATTGATTGATTGATTGATTGATTGATT etc.

I think an error worked its way into the designation of this SSR by shifting the reverse complement repeat by one nt from GATT to ATTG. Functionally, of course, there is no difference.

I think the proper way to present this in text and figures is as AATC/GATT, instead of AATC/ATTG, which does not make sense to me.

A similasr adjustment will realign the other two SSRs as well:

AAATC/ATTTG should be AAATC/GATTT (offset by one nt)

AAATAG/ATTTCT should be AAATAG/CTATTT (offset by two nt)

2\) Figure 3 is a creative way to depict the numbers of different SSRs and how they are distributed among the taxa in the study. However, I don't think the authors understood my concern about the shared ancestry of SSRs between related taxa. The new Fig. 3 shows how many copies of each identified SSR occur is each taxon's plastome and these are summed across the circle in the individual SSR. However, this doesn't indicate in any way whether an individual SSR is shared due to common ancestry or not. If the authors have mapped each SSR, they should be able to identify how many unique SSR loci there are. I suspect that there are some that might be shared by all and some that are unique to a single taxon. The number of unique loci will fall somewhere between 48, the maximum number found in one plastome, and 489, the total number of SSRs summed across all plastomes. For my money, this is the most interesting cross-taxon assessment of their data that they could do, but if it is a lot of work to do, I can understand their reluctance to include it.

3\) I think there is still a problem with the depiction of the Inverted Repeat/Small Single Copy regions in Fig. 6. At the IRa/SSC boundary, in Holmskioldia and several spp. of Scutellaria, the end of the IRa that is closest to the SSC is shown having both a portio of ycf1 and ndhF. If the IR has migrated into the SSC in these taxa, then I think the ycf1 pseudogene should be offset from the boundary by at least the amount of ndhF that is now found in the IRa. They can't both occupy the same space. I understand that these are not drawn to scale (e.g., in Holmskioldia there are 1077 nt of ycf1 and only 39 nt of ndhF), but the figure still depicts something that does not make sense. Similarly for those same taxa, the same amount of ndhF will be found in the IRb, but is not depicted there in fig. 6. If ycf1 crosses the IRb/SSC boundary, but the IR boundary has migrated into ndhF, so that a portion (39 bp and perhaps some flanking DNA) of ndhF is now in the IRb, then ycf1 must either be a pseudogene in that location, too, or the ndhF DNA is incorporated into a functional ycf1. The latter is possible, but given that ycf1 is a non-functional pseudogene in some other angiosperms, the likely explanation is that it is so here. Have the authors confirmed that ycf1 is an open reading frame in these plastomes? For that matter, ndhF is known to be a pseudogene in some organisms, too, but I haven't heard of that being the case in any Lamiaceae, including Holmskioldia, for which an ndhF sequence was determined many years ago.

Minor notes:

P. 14, line 307. Why is this dinucleotide repeat labeled AT/AT, instead of AT/TA? All other repeats are labeled with their complement following the "/". I think this should follow that convention and be AT/TA here and in any tables or figures.

P. 14, line 297; p. 15, line 331. On page 14 the total number of SSRs is put at 590; on page 15, it is 489.

P 14, lines 318-321. Many species names misspelled here.

Fig. 6. Why does sequence identity drop to zero at the 94k mark in the IRa of S. kingii and also at the 134k mark in the IRb of S. quadrilobata? In both places these are not matched in the corresponding other Inverted Repeat. Since they are in the IR, it doesn't make sense that these are deletions.

P. 15, line 356. What does "conserved" mean if the actual boundary varies among species?

P. 15, line 360. "was detected in the IRa/SSC border region." This is too vague. It is not just in the "border region," but in the IRa.

Figure 5. The IR regions are depicted by a line above the rest of the figure. Since the boundary of the IRs vary among taxa, it should be noted in the caption which taxon these regions are specific to.

P. 22, Line 548. I encourage including the citation for Wagstaff et al., 1998 here, too, since they were first to show Tinnea as sister to Scutellaria (with Holmskioldia sister to them).

Signed: Richard Olmstead

\*\*\*\*\*\*\*\*\*\*

7\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#2: Yes: Richard Olmstead

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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Author response to Decision Letter 1

12 Mar 2020

Major points:

1\) Thanks to the authors for their reply to my query about the difference between forward, reverse, reverse complement, and palindromic repeats. It helped me to see the answer to a different concern I had raised regarding three of the SSRs that are not presented as complements in their paper. These are: AATC/ATTG, AAATC/ATTTG, and AAATAG/ATTTCT. I think these are labeled wrongly, with the mistake possibly being an improper computer output that was not caught by the authors, although I may still be mistaken in my understanding. Let's work an example.

If AATC/ATTG represents a reverse complement repeat, the reverse complement of AATC would be GATT. In the genome the repeat would look like this: GATTGATTGATTGATTGATTGATTGATT etc.I think an error worked its way into the designation of this SSR by shifting the reverse complement repeat by one nt from GATT to ATTG. Functionally, of course, there is no difference. I think the proper way to present this in text and figures is as AATC/GATT, instead of AATC/ATTG, which does not make sense to me.

A similar adjustment will realign the other two SSRs as well:

AAATC/ATTTG should be AAATC/GATTT (offset by one nt)

AAATAG/ATTTCT should be AAATAG/CTATTT (offset by two nt)

As suggested by the reviewer, we have realigned three types of SSRs in the context, tables, and figures.

2\) Figure 3 is a creative way to depict the numbers of different SSRs and how they are distributed among the taxa in the study. However, I don't think the authors understood my concern about the shared ancestry of SSRs between related taxa The new Fig. 3 shows how many copies of each identified SSR occur is each taxon's plastome and these are summed across the circle in the individual SSR. However, this doesn't indicate in any way whether an individual SSR is shared due to common ancestry or not. If the authors have mapped each SSR, they should be able to identify how many unique SSR loci there are. I suspect that there are some that might be shared by all and some that are unique to a single taxon. The number of unique loci will fall somewhere between 48, the maximum number found in one plastome, and 489, the total number of SSRs summed across all plastomes. For my money, this is the most interesting cross-taxon assessment of their data that they could do, but if it is a lot of work to do, I can understand their reluctance to include it.

Corrected. We provided a new figure to show which SSRs are shared by different species and which SSRs are unique to a specific species.

3\) I think there is still a problem with the depiction of the Inverted Repeat/Small Single Copy regions in Fig. 6. At the IRa/SSC boundary, in Holmskioldia and several spp. of Scutellaria, the end of the IRa that is closest to the SSC is shown having both a portio of ycf1 and ndhF. If the IR has migrated into the SSC in these taxa, then I think the ycf1 pseudogene should be offset from the boundary by at least the amount of ndhF that is now found in the Ira. They can't both occupy the same space. I understand that these are not drawn to scale (e.g., in Holmskioldia there are 1077 nt of ycf1 and only 39 nt of ndhF), but the figure still depicts something that does not make sense. Similarly for those same taxa, the same amount of ndhF will be found in the IRb, but is not depicted there in fig. 6. If ycf1 crosses the IRb/SSC boundary, but the IR boundary has migrated into ndhF, so that a portion (39 bp and perhaps some flanking DNA) of ndhF is now in the IRb, then ycf1 must either be a pseudogene in that location, too, or the ndhF DNA is incorporated into a functional ycf1. The latter is possible, but given that ycf1 is a non-functional pseudogene in some other angiosperms, the likely explanation is that it is so here. Have the authors confirmed that ycf1 is an open reading frame in these plastomes? For that matter, ndhF is known to be a pseudogene in some organisms, too, but I haven't heard of that being the case in any Lamiaceae, including Holmskioldia, for which an ndhF sequence was determined many years ago.

Corrected. We have modified the location of pseudogene ycf1 (ψycf1) and the ndhF gene at the region of IRa/SSC boundary. This modification can show that the ndhF gene extended fractionally into the IRa region in some species (i.e., Holmskioldia sanguinea, Scutellaria altaica, S. amoena var. amoena, S. baicalensis, S. calcarata, S. insignis, S. kingiana, S. lateriflora, S. mollifolia, S. orthocalyx, S. przewalskii, S. quadrilobulata)

Minor notes:

P. 14, line 307. Why is this dinucleotide repeat labeled AT/AT, instead of AT/TA? All other repeats are labeled with their complement following the "/". I think this should follow that convention and be AT/TA here and in any tables or figures.

Actually, the repeat sequence before and after the "/" show different directions. Sequences before the "/" show a forward reading direction, while sequences after the "/" show a reversed reading direction. So, the repeat "AT/AT" can be explained like this: the AT before the "/" was read in the forward direction, while the AT after the "/" was read in the opposite direction. Then the dinucleotide repeat labeled as "AT/AT".

P. 14, line 297; p. 15, line 331. On page 14 the total number of SSRs is put at 590; on page 15, it is 489.

Corrected. On the page 14, the number 590 were the total number of the simple sequence repeats (SSR). While on page 15, the number 489 were the total numbers of the long repeat. In the revised version we corrected it "In total, 489 long repeats including forward, reverse, and palindromic were detected in the 15 plastomes..."

P 14, lines 318-321. Many species names misspelled here.

Corrected. See in the revised.

Fig. 6. Why does sequence identity drop to zero at the 94k mark in the IRa of S. kingiana and also at the 134k mark in the IRb of S. quadrilobata? In both places these are not matched in the corresponding other Inverted Repeat. Since they are in the IR, it doesn't make sense that these are deletions.

Corrected. The sequence identity of the 94k mark in the S. kingiana and 134k of the S. quadrilobata were not zero, but means that percentage of sequence identity below 50% which were calculated by the program mVISTA under the Shuffle-LAGAN model using a glocal alignment strategy. This time, we used LAGAN alignment model to reanalyze, and result were presented in Figure 5.

P. 15, line 356. What does "conserved" mean if the actual boundary varies among species?

Corrected. Here, "conserved" mean that IRa/SSC boundary within Holmskioldia and Scutellaria spp. shows a little variation and no structural variation were detected. Now, we corrected it as "....... a small fragment of the ndhF gene extended into the IRa region with (29 bp in H. sanguinea and 25--45 bp among species of Scutellaria).

P. 15, line 360. "was detected in the IRa/SSC border region." This is too vague. It is not just in the "border region," but in the IRa.

Corrected.

Figure 5. The IR regions are depicted by a line above the rest of the figure. Since the boundary of the IRs vary among taxa, it should be noted in the caption which taxon these regions are specific to.

Corrected. We tried to use a line to show the general location of IR region. We have deleted this line because the boundary of IR regions varied among different species.

P. 22, Line 548. I encourage including the citation for Wagstaff et al., 1998 here, too, since they were first to show Tinnea as sister to Scutellaria (with Holmskioldia sister to them).

Corrected.
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Leveraging plastomes for comparative analysis and phylogenomic inference within Scutellarioideae (Lamiaceae)

PONE-D-19-30248R2

Dear Dr. Xiang,

We are pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it complies with all outstanding technical requirements.

Within one week, you will receive an e-mail containing information on the amendments required prior to publication. When all required modifications have been addressed, you will receive a formal acceptance letter and your manuscript will proceed to our production department and be scheduled for publication.

Shortly after the formal acceptance letter is sent, an invoice for payment will follow. To ensure an efficient production and billing process, please log into Editorial Manager at <https://www.editorialmanager.com/pone/>, click the \"Update My Information\" link at the top of the page, and update your user information. If you have any billing related questions, please contact our Author Billing department directly at <authorbilling@plos.org>.

If your institution or institutions have a press office, please notify them about your upcoming paper to enable them to help maximize its impact. If they will be preparing press materials for this manuscript, you must inform our press team as soon as possible and no later than 48 hours after receiving the formal acceptance. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information, please contact <onepress@plos.org>.

With kind regards,

Genlou Sun

Academic Editor

PLOS ONE

Additional Editor Comments (optional):

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. If the authors have adequately addressed your comments raised in a previous round of review and you feel that this manuscript is now acceptable for publication, you may indicate that here to bypass the "Comments to the Author" section, enter your conflict of interest statement in the "Confidential to Editor" section, and submit your \"Accept\" recommendation.

Reviewer \#2: All comments have been addressed

\*\*\*\*\*\*\*\*\*\*

2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#2: (No Response)

\*\*\*\*\*\*\*\*\*\*

3\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#2: (No Response)

\*\*\*\*\*\*\*\*\*\*

4\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#2: (No Response)

\*\*\*\*\*\*\*\*\*\*

5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#2: (No Response)

\*\*\*\*\*\*\*\*\*\*

6\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#2: (No Response)

\*\*\*\*\*\*\*\*\*\*

7\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#2: Yes: Richard Olmstead
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Leveraging plastomes for comparative analysis and phylogenomic inference within Scutellarioideae (Lamiaceae)

Dear Dr. Xiang:

I am pleased to inform you that your manuscript has been deemed suitable for publication in PLOS ONE. Congratulations! Your manuscript is now with our production department.

If your institution or institutions have a press office, please notify them about your upcoming paper at this point, to enable them to help maximize its impact. If they will be preparing press materials for this manuscript, please inform our press team within the next 48 hours. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information please contact <onepress@plos.org>.

For any other questions or concerns, please email <plosone@plos.org>.

Thank you for submitting your work to PLOS ONE.

With kind regards,

PLOS ONE Editorial Office Staff

on behalf of

Dr. Genlou Sun

Academic Editor

PLOS ONE
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